Introduction {#S0001}
============

Osteoarthritis (OA) is the most common degenerative joint disease, characterised by inflammation and catabolic processes which lead to significant joint destruction, synovial inflammation and chronic pain \[[1](#CIT0001),[2](#CIT0002)\]. The current pharmacological treatments for OA are typically focused on pain relief and inflammation control, but these therapies cannot prevent or treat cartilage destruction in OA. Thus, the final option for patients with end-stage knee OA is total knee arthroplasty surgery \[[3](#CIT0003)\].

The use of mesenchymal stem cell (MSC) has emerged as a promising therapeutic strategy for knee OA treatment, as they migrate to the site of injury, differentiate into the cells of an appropriate phenotype and synthesise extracellular matrix \[[4](#CIT0004)--[6](#CIT0006)\]. In addition, MSCs have immunomodulatory properties by the secretion of anti-inflammatory factors, which can exert anti-inflammatory and anti-catabolic effects on knee OA \[[7](#CIT0007)--[9](#CIT0009)\]. Although many clinical trials investigating MSC-based therapy have demonstrated promising outcomes, there are some drawbacks, such as the technological limitation of *in vitro* expansion, the low survival rate *in vivo* and potential immunological rejection \[[10](#CIT0010)--[12](#CIT0012)\].

Recently, most studies have shown that the therapeutic potential of MSCs can be mainly attributed to their paracrine factors, particularly small extracellular vesicles (EVs) \[[6](#CIT0006),[13](#CIT0013)--[15](#CIT0015)\]. Small EVs are nanosized membrane vesicles (30--200 nm in diameter) secreted upon a fusion of endosomal multi-vesicular bodies (MVBs) with the plasma membrane \[[15](#CIT0015),[16](#CIT0016)\]. Several groups have reported that MSC-derived EVs have biological functions similar to those of MSCs, such as repairing tissue damage, suppressing inflammatory responses and modulating the immune system \[[14](#CIT0014),[17](#CIT0017)--[19](#CIT0019)\]. In this study, we investigated the therapeutic effects of EVs secreted from adipose-derived stem cells on cartilage regeneration using monosodium iodoacetate (MIA)-induced rat OA model and the surgical destabilisation of the medial meniscus (DMM) model of OA *in vivo* \[[20](#CIT0020),[21](#CIT0021)\]. Human adipose-derived stem cells (hASCs) have similar potential as other stem cells as well as higher yield upon isolation and can be expanded a long time in culture before clinical use \[[22](#CIT0022)\]. Over the past decade, hASCs have been widely used in both preclinical studies and clinical trials for various diseases, including graft-versus-host tissue \[[23](#CIT0023)\], ischaemia \[[24](#CIT0024)\], rheumatoid arthritis \[[25](#CIT0025)\] and diabetes \[[26](#CIT0026)\]. Our study demonstrated that hASC-EVs can potentially protect cartilage from degeneration, and can at least delay cartilage degeneration in all of examined OA models. In addition, we found that hASC-EVs suppressed IL-1β up-regulated catabolic molecules and enhanced the expression of type Ⅱ collagen in human OA chondrocyte.

Materials and methods {#S0002}
=====================

Cell culture and extracellular vesicle (EV) isolation from conditioned medium {#S0002-S2001}
-----------------------------------------------------------------------------

Primary hASCs were purchased from CEFO Bio Co., Ltd (Seoul, Korea), and growth media and supplements were purchased from Life Technologies (Carlsbad, CA, USA). hASCs at passage 5-7 were maintained in growth medium (Dulbecco's Modified Eagle's Medium (DMEM) containing 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S)) at 37°C in 5% CO~2~, and this medium was changed every 2--3 days. After reaching 80--90% confluence, the media was changed to conditioned medium (serum-free DMEM containing 1% sodium pyruvate (S/P), 1% L-glutamine (L-Glu) and 1% P/S) for 24 h. EVs were then isolated from this conditioned medium (CM) by a multi-filtration system based on the tangential flow filtration system (TFF). Collected CM (500 mL) was centrifuged at 300 × g for 10 min to remove cell debris. The resulting supernatant was filtered using a 0.4 μm cell strainer and 0.22 μm bottle top filter to eliminate micro-vesicles. To remove soluble proteins and antibiotics, the suspension was subjected to TFF with 300 kDa MWCO capsule. The suspension was continuously circulated through the membrane filter system and concentrated at 4 mL/min of operation speed. Subsequently, phosphate buffered saline (PBS) was added to the suspension, and the cycle of TFF was repeated to remove residual soluble proteins in concentrated EV solution. EVs were obtained in a final volume of approximately 10 mL. The EVs were stored in −70°C freezers until use.

Dynamic light scattering (DLS) {#S0002-S2002}
------------------------------

The sizes of EVs were measured by DLS performed with Zetasizer Nano ZS90 (Malvern, Worcestershire, UK). EVs resuspended in PBS were placed in a UV-transparent cuvette (Sarstedt AG & Co., Germany). The performed analyses were repeated at least three times, and the mean values were reported.

Nanoparticle tracking analysis (NTA) {#S0002-S2003}
------------------------------------

Immediately after the isolation of EVs, the particle concentration was measured with Nanosight LM10 (Malvern Instruments Ltd., Malvern, UK). Samples were diluted in PBS to obtain a concentration within the recommended measurement range (20--30 particles/frame), corresponding to dilutions from 1:10 to 1:100 depending on the initial sample concentration. The software settings for analysis were as follows: detection threshold 3; temperature between 20 and 23°C; number of frames 30 and measurement time 30 s. The size distribution and particle concentration each represent the mean of three individual measurements.

Transmission electron microscopy {#S0002-S2004}
--------------------------------

To verify the presence of intact EVs, transmission electron microscopy image analysis was performed. EVs were fixed with 0.5% glutaraldehyde solution overnight. The fixed EVs were centrifuged at 13,000 × g for 3 min. Then the supernatant was removed. Next, the samples were dehydrated in absolute ethanol for 10 min and placed on formvar-carbon-coated copper grids (TED PELLA, Inc., Redding, CA, USA). The grids were contrasted with 1% phosphotungstic acid for 1 min and then washed several times with absolute ethanol solution. The grids were dried off completely and then examined with a JEM-2100 F field emission electron microscope (JEOL Ltd., Japan). For cryo-TEM of the EVs, the EVs were added onto the lacey carbon grid (Electron Microscopy Science, Hatfield, PA, USA). The grid was frozen in liquid nitrogen. The samples were analysed with a Tecnai F20 Twin transmission electron microscope.

Western blot analysis {#S0002-S2005}
---------------------

Whole-cell lysates were prepared in PRO-PREP^TM^ protein extraction solution (iNtRON Biotechnology, Inc., Korea). The protein concentration of samples was determined using the BCA protein assay. Equal amounts of total protein were separated in a 10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad, Hercules, CA, USA). The membrane with blotted protein was blocked for 2 h at room temperature with blocking buffer containing 5% BSA and incubated with primary antibodies overnight at 4°C. Then, after washing with TBS-T, the membrane was incubated for 2 h at room temperature with secondary horseradish peroxidase-conjugated goat anti-rabbit IgG. The protein bands were visualised with enhanced chemiluminescence (Thermo Fisher Scientific, Waltham, MA, USA). Primary (CD9, CD63, Alix, GM130, Calnexin and β-actin) and secondary antibodies were purchased from Abcam (Cambridge, UK).

Flow cytometry analysis {#S0002-S2006}
-----------------------

Flow cytometry analysis (FACS) of EVs was performed using a commercially available Exo-Flow capture kit (System Biosciences, CA, USA) according to the manufacturer's protocol. Briefly, isolated EVs were captured on microbead with CD9, CD63 and CD81 antibodies provided in the kit. The EV-microbead complexes were stained by Exo-FITC that features FITC conjugated to a protein which is bind EV surface protein. The EV complexes were analysed by FACS (Novocyte Flow Cytometer, ACEA Bioscience, Inc., MA, USA). Data acquisition and analysis were performed using NovoExpress software.

EV treatment of human OA chondrocyte {#S0002-S2007}
------------------------------------

Human chondrocytes-osteoarthritis (HC-OA) derived from the human articular cartilage of donors with OA was purchased from Cell Applications, Inc (San Diego, CA). Chondrocytes at passage 2-4 were used for all experiments. HC-OAs were seeded onto a 24-well culture plate at 4 × 10^4^ cells per well and cultured for 24 h in GM (growth medium; 411 K-500, Cell Applications, Inc) at 37°C under 5% CO~2~. The cells were then washed with PBS and treated with recombinant human IL-1β (5 ng/mL; R&D Systems) with or without hASC-EVs (1 × 10^8^, 2 × 10^8^ particles/mL) for 72 h.

Cell proliferation and migration {#S0002-S2008}
--------------------------------

Cell proliferation was evaluated by WST-8 hydrolysis using a Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.) following the manufacturer's specifications. HC-OAs were seeded onto 96-well tissue culture plates at 5000 cells per well. Plates were incubated for 24, 48 or 72 h at 37°C with 5% CO~2~ in a humidified incubator. A total of 10 μL of CCK-8 reagent was added to each well and incubated for 3 h. Absorbance readings were then taken at 450nm using a microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA). The migration of EV-treated chondrocytes was assessed using transwell chambers with 8 μm pore filters (Corning Inc., Corning, NY, USA). Briefly, 5 × 10^4^ cells in 100 μL of low serum culture medium (DMEM-F12 supplemented with 0.5% FBS and 1% P/S) were seeded in the upper chamber, and EVs or vehicle control (PBS) was added to the lower chambers. Following incubation for 16 h at 37°C, non-migrating cells were removed with cotton swabs. Cells on the underside of the membrane were fixed with 4% paraformaldehyde and stained with crystal violet solution for 15 min. Stained cells that migrated through the pores to the underside of the membrane were visualised under a microscope and counted at 10× magnification.

Cellular uptake of EVs {#S0002-S2009}
----------------------

The hASC-EVs were labelled with PKH67 (Sigma, St. Louis, MO, USA) according to the manufacturer's protocol. To remove free dye aggregates, the PKH-labelled EV suspension was purified with density gradient centrifugation. HC-OAs were incubated with 5 × 10^8^ particles/mL of PKH67-labelled EVs for 12 h and then observed by confocal laser scanning microscopy (CLSM; Zeiss, Weimar, Germany) \[[27](#CIT0027),[28](#CIT0028)\].

Quantitative real-time polymerase chain reaction (PCR) {#S0002-S2010}
------------------------------------------------------

Total RNA was isolated from human chondrocyte using the RNA-spin^TM^ Total RNA Extraction kit (iNtRon Biotechnology Inc., Korea) according to the manufacturer's instructions. Next, the RNA was reverse transcribed using the RT^2^ First Strand kit, then amplified with SYBR green master mix (QIAGEN, Hilden, Germany) on a Stratagene Mx3000P (Agilent Technologies, Santa Clara, CA, USA). The relative levels of gene expression were estimated with MxPro software and normalised against glyceraldehyde 3-phosphate dehydrogenase (GAPDH). All target gene primers were purchased commercially from QIAGEN.

ELISA {#S0002-S2011}
-----

MMP-1, MMP-3 and MMP-13 in culture supernatant were quantified using enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer's protocol (Abcam). The absorbance was measured at 450 nm using a microplate spectrophotometer.

Animals {#S0002-S2012}
-------

Male Sprague-Dawley rats (7 weeks of age, 200--250 g) were purchased from Orient Bio Co. (Seoul, Korea) and male C57BL/6 mice (9 weeks of age, 20--25 g) were purchased from DBL Co., Ltd (Korea). The animals were used after 1 week of acclimatisation. The animals were housed in pairs in a temperature-controlled room (21--22°C) with a 12-h light/12-h dark cycle. All experiments were performed in accordance with Institutional Animal Care and Use Committee (IACUC) guidelines and approved by the IACUC committees of Hanyang University (HYIACUC 2016-0258A) and Sungkyunkwan University (SKKUIACUC 2018-06-13-1).

MIA-induced OA rat model {#S0002-S2013}
------------------------

Rats were randomised and divided into two groups based on the OA model (subacute/chronic arthritis model, *n* = 50 rats per group) and further divided into four treatment groups (*n* = 6 rats per group). Monosodium iodoacetate (Sigma) was dissolved in 0.9% normal saline. With rats under anaesthesia by isoflurane inhalation, their left knee joints received a single intra-articular injection of 3 mg MIA in a volume of 50 μL using a 30-G needle. Control rats were injected with an equivalent volume of normal saline. hASC-EVs (1 × 10^8^ particles) were given in a 30 μL volume per joint. PBS and hyaluronic acid (HA, 2.67 × 10^6^ Da, Lifecore biomedical, MN, SUA, 0.3 mg) were injected under the same condition for each group. Rats in the subacute arthritis group were treated with EVs and HA once a week for 21 days before significant OA progression (1 week after OA induction). In the chronic arthritis group, treatments were given twice a week for 40 days after significant OA progression (2 weeks after OA induction). After 28 days (subacute arthritis) and 56 days (chronic arthritis) of OA induction, rats were sacrificed by CO~2~ inhalation, and the knee joints of each group were dissected and the surrounding muscle was trimmed for further analyses.

Histological analysis and immunohistochemistry {#S0002-S2014}
----------------------------------------------

The knee joints including patella and joint capsule were fixed with 10% formalin for 7 days, then decalcified with 10% EDTA solution. The decalcified specimens were embedded in paraffin, and the paraffin blocks were sagittally sectioned at 3 μm thickness. The sections of tissue specimen were deparaffinised, dehydrated through a graded ethanol series and stained with haematoxylin and eosin (H&E) to examine the morphology and safranin O-fast green to examine the proteoglycan deposition \[[29](#CIT0029)\]. The stained sections were observed with a microscope (Olympus, Tokyo, Japan) and scored in terms of cartilage destruction according to the modified Mankin grading system \[[30](#CIT0030)\]. Also, the histological changes of the infrapatellar fat pad (IFP) were assessed using histological grading protocols for synovial tissue \[[31](#CIT0031)\]. Immunohistochemistry was performed to detect pro-inflammatory cytokine (IL-1β) and M1 macrophages (CD86). After being deparaffinised and depleted of endogenous peroxidase activity, sections were incubated with rabbit anti-IL-1β polyclonal antibody (1:200 dilutions, Abcam) and rabbit anti-CD86 monoclonal antibody (1:100 dilutions, Abcam) overnight at 4°C. The sections were then incubated with the respective secondary antibody, and then sections were finally stained with a diaminobenzidine (DAB) kit and counterstained with haematoxylin. For quantification analysis of IL-1β and CD86, a total number of cells and the number of positively stained cells were evaluated, and results were expressed as the percentage of positively stained cells using three sections from each group.

Destabilisation of the medial meniscus (DMM) mouse model {#S0002-S2015}
--------------------------------------------------------

The mice were anesthetised through intra-peritoneal injection of a cocktail containing both rompun (10 mg/kg) and ketamine (40 mg/kg) and randomly distributed into experimental and control groups. DMM surgery was performed in the left knee joints following the transaction of the medial meniscotibial ligament, as previously described \[[20](#CIT0020)\]. Sham surgeries were performed with only a medial capsulotomy. EVs (1 × 10^8^ particles) and PBS were given in a 6 μL volume per joint. Starting from 5 weeks after DMM surgery, hASC-EVs and PBS were injected once a week. At 11 weeks post-DMM, mice were sacrificed, and their knee joints were harvested for further analyses. The degree of cartilage destruction was scored according to the OARSI histopathology system for mouse \[[32](#CIT0032)\].

Small RNA sequencing and data analysis {#S0002-S2016}
--------------------------------------

RNA purification from hASD-EVs, library construction, cluster generation and sequencing was performed by Macrogen (Seoul, Korea). Briefly, hASD-EVs RNA was extracted using the Maxwell RSC miRNA from plasma (Promega, Madison, WI, USA) according to the manufacturer's instructions. The 10 ng of RNA isolated from each sample was used to construct sequencing libraries with the SMARTer smRNA-Seq Kit for Illumina (Takara Bio, Shiga, Japan), following the manufacturer's protocol. The libraries were sequenced on an Illumina HiSeq 2500 intrument (Illumina, San Diego, California). Sequence alignment and detection of known miRNAs were performed using miRDeep2 software algorithm. miRNA target genes were predicted using publicly available algorithms including miRwalk online prediction software (<http://mirwalk.umm.uni-heidelberg.de/>) and TargetScan 7.2 ([www.targetscan.org](http://www.targetscan.org)). The gene ontology (GO) terms enriched in the predicted target genes were determined using DAVID Bioinformatics. Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analyses were performed using DIANA miRPATH v.3 ([http://diana.imis.athena‐innovation.gr/DianaTools/index.php](http://diana.imis.athena‐innovation.gr/DianaTools/index.php)).

Statistical analysis {#S0002-S2017}
--------------------

Experimental results were expressed as means ± standard deviations. The Student's two-tailed t-test, one-way and two-way ANOVA were performed using GraphPad Prism 8 software (San Diego, CA, USA). A *p* value of 0.05 or less was considered to be statistically significant.

Results {#S0003}
=======

Characterisation of hASC-EVs {#S0003-S2001}
----------------------------

Following the guideline recommended by ISEV (International Society for Extracellular Vesicles), called MISEV2018 (Minimal Information for Studies of Sxtracellular Vesicles 2018) \[[33](#CIT0033)\], EVs isolated from hASC-cultured media were characterised in terms of size, morphology and surface markers ([Figure 1](#F0001)). The round spherical shape with double-layer membrane structure of the EVs was observed by classic and cryo-TEM analysis, and their mean diameter was determined to be 86.46 nm ([Figures 1(a,b](#F0001))). As shown in [Figure 1(c](#F0001),d), hASC-EVs were positive for EV markers including CD9, CD63, CD81 and Alix, whereas GM130 and Calnexin were not detected.10.1080/20013078.2020.1735249-F0001Figure 1.Characterisation of hASC-EVs. (a) Classic and cryogenic transmission electron microscope (TEM) images of hASC-EVs. (b) Dynamic light scattering (DLS) showing the particle size distribution of EVs. (c, d) EV markers (CD9, CD63, CD81, Alix) and non-EV markers (GM130, Calnexin) detection by flow cytometry and Western blot analysis. The cellular uptake and migration of hASC-EVs in human chondrocyte-osteoarthritis (HC-OA). (e) Confocal images of HC-OA after 12 h incubation with 5 × 10^8^ p/mL of hASC-EVs. DAPI was used to stain the nuclei (blue), and hASC-EVs were labelled with PKH67 (green). Scale bars, 20 μm. (f, g) Transwell migration assay showing the dose-dependent effect of hASC-EVs on HC-OA migration. After 16 h, the migration activity was quantified by counting the migrated cells on the underside of the membrane. Scale bars, 200 μm. All data are shown as means ± standard deviations of the three independent trials per treatment group. \*\**p* \< 0.01, \*\*\**p* \< 0.001.

EV uptake and effect on human OA chondrocytes proliferation and migration {#S0003-S2002}
-------------------------------------------------------------------------

To determine whether hASC-EVs interact directly with chondrocytes, HC-OAs were incubated with 5 × 10^8^ particles/mL of labelled EVs and EV-depleted fraction for 12 h. The labelled hASC-EVs were found mainly localised in the cytoplasm of the cell and around the nucleus ([Figure 1(e](#F0001))). These results implied that hASC-EVs directly delivered into chondrocytes with their intact form.

To determine whether hASC-EVs can influence the migration of HC-OA, chondrocytes were incubated with increasing concentrations of EVs for 16 h. The results showed that hASC-EVs dose-dependently increased the chondrocyte migration towards media containing EVs ([Figure 1(f,g)](#F0001)). In addition, we observed that treatment with hASC-EVs significantly promoted cell proliferation in a dose-dependent manner ([Figure 2(a](#F0002))).10.1080/20013078.2020.1735249-F0002Figure 2.Effects of hASC-EVs on the mRNA levels of MMP-1, MMP-3, MMP-13, ADAMTS-5 and type Ⅱ collagen in IL-1β-treated HC-OAs. (a) CCK-8 assay showing the effect of hASC-EVs on chondrocyte proliferation at the indicated times. All data are shown as means ± standard deviations of the three independent trials per treatment group. (b--f) HC-OAs were treated with IL-1β (5 ng/mL) with or without hASC-EVs (1 × 10^8^ and 2 × 10^8^ particles/mL) for 72 h. Gene expression of catabolic and anabolic markers was determined using quantitative PCR. (g--i) Protein expression of MMP-1, MMP-3 and MMP-13 was determined using ELISA. The values were normalised to total protein concentration. All data are shown as means ± standard deviations (*n* = 3). \*\**p* \< 0.01 and \*\*\**p* \< 0.001 compared to IL-1β alone. Abbreviations: MMP, matrix metalloproteinase; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; COL2A1, type II collagen alpha 1.

hASC-EVs reduce the gene expression of catabolic molecules in human OA chondrocytes {#S0003-S2003}
-----------------------------------------------------------------------------------

We investigated whether hASC-EVs could modulate the catabolic and anticatabolic molecules in IL-1β-treated human OA chondrocytes. The mRNA levels of MMP-1, MMP-3, MMP-13 and ADAMTS-5 increased in human OA chondrocytes following IL-1β treatment and that these catabolic makers were significantly suppressed in the presence of hASC-EVs ([Figure 2(b--e)](#F0002)). In addition, we detected the concentrations of MMP-1, MMP-3 and MMP-13 in the culture supernatants. We found that the hASC-EVs inhibited the IL-1β-induced MMP production ([Figure 2(g--i)](#F0002)). Besides, hASC-EVs treatment markedly increased mRNA expression of type Ⅱ collagen suppressed by IL-1β in human OA chondrocyte ([Figure 2(e](#F0002))). Similarly, there was a reduction of IL-1β-induced genes involved in inflammation and cartilage degradation in primary mouse articular chondrocytes (Supplemary Figure S2).

Therapeutic efficacy of hASC-EVs in MIA-induced OA model {#S0003-S2004}
--------------------------------------------------------

To evaluate the therapeutic efficacy of hASC-EVs in the early phase of OA, EVs were administered intra-articular weekly for 3 weeks, starting 1 week after MIA injection. At 4 weeks following MIA injection, the isolated knee joints were examined grossly after being stained with India-ink. The hASC-EVs treatment group showed that the area of eroded cartilage surface was significantly reduced compared to the PBS and HA treatment groups in the joint of the MIA model (Supplementary Figure S3).

As cartilage destruction is the main histological feature of OA, the effects of EVs on the morphological changes and severity of cartilage damage were evaluated using H&E and safranin O-fast green staining in the MIA-induced OA model. OA severity was scored using the modified Mankin scoring system (Supplementary Table 1). Histological evaluation revealed that the vehicle (PBS) treatment group showed severe cartilage matrix degradation extending into the deep zone, as well as a lack of cells in the radial zone ([Figure 3(a](#F0003))). In the HA treatment group, the degree of cartilage damage was less than in the PBS-treated group, but a loss of chondrocyte cellularity and moderate reduction in proteoglycan content were still observed. However, when the hASC-EVs were injected, mild OA pathology appeared, such as a slight reduction of proteoglycan and surface fissure. Therefore, the total Mankin score of the hASC-EVs treatment group was significantly lower than that of the PBS or HA treatment group ([Figure 3(b](#F0003))). These findings indicate that hASC-EVs treatment in this early phase of the OA model effectively prevents proteoglycan degradation and protects against the progression of cartilage destruction after MIA injection.10.1080/20013078.2020.1735249-F0003Figure 3.Effect of hASC-EVs on cartilage degradation at 4 weeks after MIA injection in a subacute arthritis model. Intra-articular injection of hASC-EVs was performed weekly, starting 1 week after MIA injection. (a) Knee joints were harvested at 4 weeks after MIA injection and analysed histologically by safranin O-fast green and haematoxylin and eosin (H&E). Black scale bars, 500 μm. White scale bars, 400 μm. (b) The joint lesions were graded on a scale of 0--11 using the modified Mankin scoring system, giving a combined score for cartilage structure, cellular abnormalities and matrix staining, and a total Mankin score. All data are shown as means ± standard deviations (*n* = 4). \*\*\**p* \< 0.001. In chronic arthritis model, intra-articular injection of hASC-EVs was performed twice a week, starting 2 weeks after MIA injection. (c) Knee joints were harvested at 8 weeks after MIA injection and stained with safranin O-fast green and H&E. Black scale bars, 500 μm. White scale bars, 400 μm. (d) The stained sections were scored on a scale of 0--11 using the modified Mankin scoring system. All data are shown as means ± standard deviations (*n* = 4). \**p* \< 0.05.

To examine the effect of hASC-EVs in a chronic arthritis model, we injected EVs into the joint after significant OA progression. At 8 weeks after MIA injection, the histological morphologies of the PBS treatment group showed serious symptoms of OA, such as extensive loss of proteoglycan, severe fibrillation and cartilage erosion into the subchondral bone, in the whole part of the articular cartilage ([Figure 3(c](#F0003))). Similar histological changes were also observed in the HA treatment group, indicating that the HA injection had no effect of cartilage protection or disease attenuation after significant OA progression. The hASC-EVs treatment group showed moderate-to-severe cartilage matrix destruction, some hypocellularity of chondrocytes and proteoglycan degradation, but these cartilage damages were significantly lower than those in the PBS or HA treatment group. The total Mankin scores of the hASC-EVs treatment group were markedly lower than those of the PBS treatment group, which is consistent with the microscopic findings ([Figure 3(d](#F0003))). These results suggest that hASC-EVs treatment did not completely prevent progressive joint disease or repair impaired cartilage, but did attenuate the cartilage degradation after significant OA progression.

Alleviation of OA by hASC-EVs in DMM model {#S0003-S2005}
------------------------------------------

We also evaluated the therapeutic effects of hASC-EVs on DMM model, which is a well accepted *in vivo* model for progressive OA ([Figure 4(a](#F0004))). Histological evaluation revealed that the PBS treatment group showed the severe erosion of the calcified cartilage and extensive loss of proteoglycan ([Figure 4(b](#F0004))). However, the hASC-EVs treatment group showed small fibrillations and vertical clefts down to the layer immediately below the superficial layer. The OARSI grade of the hASC-EVs treatment group revealed significantly lower than that of the PBS treatment group ([Figure 4(c](#F0004)) and Supplementary Table 2). To further examine the effect of hASC-EVs on cartilage matrix cleavage, protease activity was analysed by immunostaining for cleaved aggrecan (NITEGE). hASC-EVs treatment strongly reduced the levels of NITEGE in hASC-EVs treated DMM mice compared to the control group ([Figure 4(d,e)](#F0004)). DMM surgery also induces the expression of MMP-13 in articular cartilage. MMP-13 is known to cleave type II collagen and mediates cartilage matrix degradation. hASC-EVs treatment also reduced the percentage of MMP-13-positive chondrocytes in DMM mice ([Figure 4(f,g)](#F0004)). These findings suggest that hASC-EVs treatment in DMM model of OA effectively prevents the fibrillation and protects against the erosion of cartilage matrix after DMM surgery.10.1080/20013078.2020.1735249-F0004Figure 4.Effect of hASC-EVs on cartilage degradation at 11 weeks after destabilisation of the medial meniscus (DMM) surgery. Intra-articular injection of hASC-EVs was performed weekly, starting 5 weeks after DMM surgery. (a) Schematic illustration of the in vivo animal test for evaluating the efficacy of hASC-EVs on cartilage degradation in DMM mouse model. (b) Knee joint was harvested at 11 weeks after DMM surgery and analysed histologically by Safranin O-fast green. Scale bars, 100 μm. (c) The joint lesions were graded on a scale of 0--6 using the OARSI scoring system. All data are shown as means ± standard deviations (*n* = 6). \*\**p* \< 0.01. (d) Immunohistochemical staining of cleaved aggrecan (NITEGE) and (e) quantitative analysis of the relative intensity of NITEGE in the articular cartilage. (f) Collagenase 3 (MMP-13) staining and (g) quantitative analysis of the MMP-13-positive chondrocytes in the articular cartilage. Scale bars, 200 μm. All data are shown as means ± standard deviations (*n* = 4). \*\**p* \< 0.01 and \*\*\**p* \< 0.001.

hASC-EVs attenuate cartilage matrix degradation {#S0003-S2006}
-----------------------------------------------

To explore the mechanisms underlying the attenuated degradation of the cartilage matrix in hASC-EVs treated rats after MIA injection, we performed immunohistochemical staining to examine the expression of IL-1β. The expression of IL-1β, the main mediator of the induction of the cartilage degradative enzymes, was markedly increased in the MIA-induced OA model ([Figure 5(a](#F0005))). Immunohistochemistry staining showed that hASC-EVs treatment significantly decreased the number of IL-1β positive cells of the subacute and chronic arthritis model by 13.8% and 36.6%, respectively, compared to the PBS treatment groups ([Figure 5(b](#F0005))). These findings suggest that the intra-articular injection of hASC-EVs reduces the degradation of cartilage matrix through inhibiting the expression of IL-1β.10.1080/20013078.2020.1735249-F0005Figure 5.Effect of hASC-EVs on the expression of IL-1β in the articular cartilage of the subacute and chronic arthritis models. (a) Immunohistochemical staining of IL-1β and (b) quantitative analysis of the expression of IL-1β in the articular cartilage. Scale bars, 100 μm. All data are shown as means ± standard deviations of three independent trials per treatment group. \*\**p* \< 0.01 and \*\*\**p* \< 0.001 compared to PBS group.

Effect of EVs on the synovial inflammation {#S0003-S2007}
------------------------------------------

MIA injection of the knee joint induced not only cartilage degradation but also changes in other joint tissues, including the perimeniscal synovium and infrapatellar fat pad (IFP). Here, we examined the effects of hASC-EVs on the inflammatory responses in perimeniscal synovium and IFP. In the subacute arthritis model, synovial inflammation including subintimal fibrosis and neovascularisation was observed in the PBS treatment groups. However, hASC-EVs treatment essentially prevented fibrotic deposition and blood vessel formation, and also maintained the adipocyte-rich appearance of the IFP (Supplementary Figure S4A). Severe synovial inflammation, including hyperplasia, extensive subintimal fibrosis, hyper-vascularisation and fragments of cartilage, were found in the PBS groups of the chronic arthritis model, whereas hASC-EVs treatment group showed a reduced degree of synovial inflammation. To provide quantitative histopathology data of the IFP, we applied a multi-parameter scoring system (Supplementary Table 3) for cellularity, fibrosis and vascularity (Supplementary Figure S4B, C). These results suggested that the hASC-EVs treatment attenuated the inflammatory responses in synovium and fibrotic remodelling and blood vessel formation in IFP tissue, but that PBS and HA treatment were ineffective in this regard.

hASC-EVs decrease M1 macrophage infiltration and the production of pro-inflammatory cytokine (IL-1β) in perimeniscal synovium {#S0003-S2008}
-----------------------------------------------------------------------------------------------------------------------------

Since it has been reported that the inflammatory response of the synovium is strongly related to OA development, the immunity components were examined using immunohistochemical staining \[[34](#CIT0034)\]. Specifically, we investigated the immune regulatory capacity of hASC-EVs on M1 macrophage infiltration into the perimeniscal synovium as well as M1 macrophage-associated cytokine, IL-1β, in the knee joint of the MIA-induced OA model. Immunohistochemistry staining showed that hASC-EVs treatment decreased the infiltration of M1 macrophage, as indicated by CD86 cells, and also reduced the expression of pro-inflammatory IL-1β in the synovium ([Figure 6](#F0006)).10.1080/20013078.2020.1735249-F0006Figure 6.Immunohistochemical staining was used to identify the expression IL-1β (a, b) and CD 86 (c, d) and quantitative analyses of IL-1β and CD86 cells on synovium. Scale bars, 50 μm. All data are shown as means ± standard deviations (*n* = 3). \*\**p* \< 0.01 and \*\*\**p* \< 0.001.

To validate the effects of hASC-EVs on macrophages, lipopolysaccharide (LPS) and hASC-EVs were added to the cultured RAW264.7 cells. We found that the hASC-EVs inhibited the LPS-induced COX-2, IL-1β, IL-6 and TNF-α mRNA expression (Supplementary Figure S5A-D). Furthermore, M1 macrophage markers (iNOS and IL-1β) were significantly reduced, whereas the M2 marker (Arg1) was increased (Supplementary Figure S5E). These results suggest that hASC-EVs effectively inhibit the production of pro-inflammatory cytokines of macrophages, and facilitate the polarization of macrophages to pro-inflammatory (M1) phenotype rather than anti-inflammatory (M2) phenotype macrophages.

miRNA profiling and bioinformatics to analyse the miRNA of hASC-EVs {#S0003-S2009}
-------------------------------------------------------------------

EVs can modulate recipient cells through miRNA regulation of post-transcriptionally coding genes \[[35](#CIT0035)\]. Thus, we profiled and quantified the miRNA in hASC-EVs. To profile hASC-EVs miRNA, total RNA was purified from hASC-EV and used for small RNA sequencing. The top 50 known miRNAs detected in hASC-EVs were ordered according to the total read count ([Figure 7(a](#F0007))). Among enriched miRNAs in hASC-EVs, the expression levels of miR-199a, miR125b, miR-221 and miR-92a are previously reported to be decreased in the OA pathology \[[36](#CIT0036)--[39](#CIT0039)\]. To further investigate miRNAs, functional enrichment analyses of the top 50 known miRNAs were performed. We performed KEGG pathway analysis to identify dominant pathways controlled by hASC-EVs ([Figure 7(b](#F0007))). KEGG pathway enrichment indicated "ECM-receptor interaction", and "glycosphingolipid biosynthesis -- lacto and neolacto series" as enriched pathway. GO analysis revealed that, "positive regulation of transcription from RNA polymerase II promoter" in the biological process category; "nucleoplasm" and "membrane" in the cellular component category and "protein binding" and "protein serine/threonine kinase activity" in the molecular function category, were observed to be significant ([Figure 7(c--f)](#F0007)). Collectively, these results indicate a possible contribution of miRNAs in protecting cartilage from degeneration.10.1080/20013078.2020.1735249-F0007Figure 7.Next generation sequencing (NGS) of (a) top 50 known miRNAs that were detected in hASC-EVs. Total read counts are shown (*n* = 2). (b--e) KEGG and GO pathway analyses were performed on target genes of miRNAs enriched in hASC-EVs. The significantly enriched KEGG pathways and GO terms of biological processes (BP), cellular components (CC) and molecular functions (MF) were presented. Only the 10 most relevant GO terms are shown.

Discussion {#S0004}
==========

MSC-derived EVs have emerged as a prominent candidate for therapeutic application in degenerative diseases via tissue regeneration and immune regulation \[[13](#CIT0013),[15](#CIT0015)\]. Increasing evidence has shown the beneficial effects of EV treatment on an OA animal model using human embryonic MSCs or synovium MSCs \[[40](#CIT0040),[41](#CIT0041)\]. EVs can be considered as regulators of cell-to-cell communication to transfer lipid, nucleic acids (mRNAs and microRNAs) and cell-specific proteins between cells to elicit diverse cellular responses in recipient cells \[[15](#CIT0015)\]. In particular, MSC-derived EVs play a crucial role in maintaining normal cellular homoeostasis \[[42](#CIT0042)\]. This role is particularly important when cartilage homoeostasis is disrupted in OA with an imbalance in the catabolic and anticatabolic mediators. In the early phase of OA, catabolic activity is intensified by the increased expression of inflammatory mediators and cartilage-degrading proteinases \[[43](#CIT0043)\]. Therefore, early therapeutic intervention is important for preventing the serious progression of OA. In this study, we demonstrated that the intra-articular injection of hASC-EVs could effectively attenuate the development of OA in the subacute and chronic arthritis models by reducing the inflammatory response.

Inflammation is considered to be a key driver of OA pathogenesis. The pro-inflammatory cytokines are significantly elevated in the synovial fluid of OA patients, and they play critical roles in the pathogenesis of OA \[[34](#CIT0034),[44](#CIT0044)\]. Among the pro-inflammatory cytokines, IL-1β and tumour necrosis factor (TNF)-α seem to be most involved in the catabolic process of OA \[[44](#CIT0044),[45](#CIT0045)\]. In particular, pro-inflammatory IL-1β contributes to OA development by inducing catabolic and destructive processes. IL-1β is highly overexpressed in the synovial tissue, cartilage and subchondral bone layer, and induces matrix destructive enzymes, such as interstitial collagenase (MMP-1), stromelysin-1 (MMP-3), collagenase 3 (MMP-13) and aggrecanase 2 (ADAMTS-5), in OA \[[45](#CIT0045)--[48](#CIT0048)\]. The increased expression of these degradative enzymes would shift the balance of homoeostasis towards catabolic metabolism, resulting in cartilage degradation. The established mechanisms that prevent OA development mostly depend on the inhibition of cartilage degradative enzymes \[[47](#CIT0047),[49](#CIT0049),[50](#CIT0050)\]. Therefore, it is important to modulate the inflammatory process to prevent and attenuate OA development. Several studies have demonstrated that hASCs exhibit immunosuppressive effects both *in vitro* and *in vivo*, and may play a role in the local inflammatory process in the joint through the secretion of immunomodulatory factors such as IL-4, IL-10, IL-13 and transforming growth factor β (TGF-β) \[[8](#CIT0008),[9](#CIT0009),[51](#CIT0051)--[55](#CIT0055)\]. Especially, TGF-β1 is one of the key regulators of inflammatory response, and is also known to stimulate ECM synthesis including aggrecan, proteoglycan and type II collagen in chondrocytes. Thus, we hypothesised that EVs released from hASCs might have an immunomodulatory role in the treatment of OA because they expressed distinctive molecules, including miRNAs and proteins, that reflected both the condition and origin of the producer cells. We found these immunomodulatory factors were expressed in hASC-EVs (Supplementary Figure S1). In particular, tissue inhibitors of metalloproteinase-1 and -2 (TIMP-1 and TIMP-2), which control the MMPs activities, were highly expressed in the hASC-EVs \[[56](#CIT0056)\]. Furthermore, hASC-EVs have several enriched miRNAs (miR-199a, miR125b, miR-221 and miR-92a), which are related to OA pathology. Especially, miR-199a regulates the expression of COX-2 which plays an important role in OA inflammation \[[36](#CIT0036)\].

Here, we investigated the immunomodulatory effect of hASC-EVs on human OA chondrocyte under IL-1β treatment *in vitro*. Consistent with previous studies, IL-1β stimulated the release of several catabolic factors from chondrocytes and appeared to produce an environment similar to the synovial fluid of OA \[[46](#CIT0046),[57](#CIT0057)\]. The hASC-EVs treatment effectively suppressed the IL-1β-mediated expression of MMP-1, -3, -13 and ADAMTS-5, and increased the expression of type Ⅱ collagen in chondrocyte. Moreover, we observed that the hASC-EVs promote cell proliferation and the migration of human OA chondrocytes in a dose-dependent manner. The chondrocytes play a key role in the maintenance of cartilage homoeostasis and the tissue repair response during the development of OA \[[42](#CIT0042)\]. Our results suggest that the hASC-EVs treatment resulted in an increase in the proliferation and migration of chondrocyte and mediated the balance between catabolic and anabolic metabolism, leading to the recovery of the damaged cartilage.

Next, we investigated the therapeutic effect of hASC-EVs on the subacute and chronic MIA-induced OA rat models. MIA, a metabolic inhibitor, was used to induce OA changes that mimic the structural and biochemical changes associated with human OA. The protective effects of hASC-EVs were comparable to those of HA, which is a widely used therapy for OA patients by intra-articular injection \[[3](#CIT0003)\]. In this study, we found that the hASC-EVs treatment efficiently protected articular cartilage and attenuated the development of OA in both the subacute and chronic models. In particular, the intra-articular injection of hASC-EVs in the early phase of OA exhibited substantial therapeutic effects on cartilage regeneration. This seems to be related to the enhanced expression of pro-inflammatory cytokines such as IL-1β in the cartilage at an early stage of the MIA-induced OA model \[[58](#CIT0058)\]. Therefore, hASC-EVs treatment in the early phase of OA could effectively modulate inflammation and promote tissue repair processes, leading to the attenuation of OA. Also, we evaluated the regenerative effect of EVs using a DMM mouse model. The surgical model of DMM has been used as a gold standard for studying the evaluation of OA progression *in vivo* by providing good reproducibility and a slower disease progression. The results also show that the EVs derived from hASCs effectively prevented the progress of cartilage destruction in an OA model.

Synovial inflammation is increasingly being recognised as an important feature of OA that can adversely affect joint function. Synovial inflammation of OA leads to synovial lining hyperplasia, fibrosis, neo-vascularisation and the appearance of macrophages \[[34](#CIT0034)\]. Macrophages are also involved in the pathogenesis of inflammatory arthritis. Recent studies have reported that M1-polarized macrophages express numerous pro-inflammatory mediators, such as TNF-α, IL-12 and IL-1β, and inhibit the chondrogenesis of MSC via IL-6 \[[59](#CIT0059),[60](#CIT0060)\]. We found that hASC-EVs treatment suppressed the expression of pro-inflammatory cytokines (COX-2, IL-1β, IL-6 and TNF-α) in RAW264.7 cells and promoted polarization of M1 to M2 macrophages. In addition, hASC-EVs inhibited the infiltration of M1 macrophages at the OA synovium, as well as the reduction of pro-inflammatory IL-1β in both the synovium and cartilage regions in MIA-induced OA model. In this study, we selected ASCs that could be easily obtained from adipose tissue among various MSC candidates, and isolated small EVs from hASCs using TFF multi-filtration system that enables scalable production and purification of sEVs for clinical use. We have demonstrated that the intra-articular injection of hASC-EVs could protect cartilage from degeneration and attenuate OA progression via the down-regulation of cartilage catabolic enzymes. In addition, we observed that both hASC-EVs and bone marrow mesenchymal stem cells-derived EVs (BMMSC-EVs) have similar anti-inflammatory activity in IL-1β-stimulated chondrocytes (Supplementary Figure S6). Although this study shows that hASC-EVs are effective in preventing OA progression, the mechanisms of their therapeutic effects on OA are not fully determined. Therefore, further detailed investigation of the internal contents and mechanism of action of hASC-EVs are necessary. Furthermore, the effective dose of EVs needs to be optimised in animal experiments.

In conclusion, we demonstrated that hASC-EVs effectively protect cartilage from degeneration and attenuate OA progression by modulating immune reactivity. Our findings showed that the hASC-EVs promoted the proliferation and migration of human OA chondrocytes, regulated the expression of catabolic and anticatabolic factors and suppressed macrophage infiltration into the synovium. Therefore, hASC-EVs should be considered a potential therapeutic approach in the treatment of OA.
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